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Abstract—In this paper, the impact of co-channel interference
(CCI) on the performance of an underlay cognitive radio network
over Nakagami-m fading channels is thoroughly presented and
analysed. More precisely, a decode-and-forward relay protocol
for a cognitive cooperative network is considered. In this study,
the impact of both the primary transmitter interference and
CCI on the secondary system performance are considered. First,
an exact expression for the equivalent signal-to-interference-
plus-noise ratio of the secondary system is obtained. Then, the
corresponding exact and asymptotic cumulative distribution func-
tions are derived. From this, the exact outage performance for
the secondary network is investigated. Furthermore, the equiv-
alent probability density function is obtained and discussed. In
addition, approximate expressions for the average error proba-
bility and the system ergodic capacity performances are derived.
From the results, it can be inferred that the presence of the CCI
and primary network interference severely degrades the system
performance. Moreover, a higher value of the shape parameter of
the desired fading channel gives better performance and diversity
gain. In addition, despite the impact of interferences, the sec-
ondary network performance gives better results in comparison
to the Rayleigh fading channels scenario.
Index Terms—Underlay cognitive radio network, Nakagami-m
fading channels, co-channel interference, error probability, out-
age probability, ergodic capacity.
I. INTRODUCTION
AN UNDERLAY cognitive radio (CR) scheme [2] is oneof the paradigms that has been proposed to realise a cog-
nitive radio network. The potential benefits of this proposed
paradigm led to several research investigations [2], [3]. The
main goal of proposing a cognitive network is for better util-
isation of the current frequency spectrum, resulting in higher
data throughput to the communication nodes. In an underlay
CR approach, the secondary user (SU) can simultaneously use
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the frequency spectrum as the primary user (PU) with the con-
dition that the resulting interference to the primary receivers is
below a predefined value, which is known as the interference
power constraint [2]. In fact, this is the key protection factor of
the primary user’s quality of service (QoS). Similar to ordinary
cooperative communication [4], an underlay CR network can
take advantage of this diversity technique. Indeed, in power
limiting environments, such as underlay CR, using coopera-
tive communication for the secondary cognitive network could
be an effective way to enhance the overall performance [5].
Co-channel interference (CCI) apparently affects the per-
formance of any wireless communication network. In fact,
the phenomenon of a co-channel interference is important to
consider in the spectrum sharing network such as underlay
cognitive radio [5]. This is due to the coexistence of different
kinds of users in the same frequency spectrum, in addition to
the interference that might come from outside sources in the
neighbouring cells that are working on the similar frequency.
Furthermore, Nakagami-m fading channels are more gener-
alized and practical to consider in the performance investiga-
tion of a wireless communication system, as they can better
represent the physical channel characteristics than Rayleigh
and Rician fading channels [6]. For instance, Nakagami-m
fading channels define the envelope of the received signal
after maximal ratio combining diversity. In addition, Rayleigh
fading channels can be considered to be a special case
within the Nakagami model. Moreover, Rician and Nakagami
distributions demonstrate almost the same behaviour when
approaching their mean values [7].
A. Related Works
Investigations into outage performance for an underlay
CR paradigm has been widely studied [6], [8]–[10]. For
example, the outage performance of the cooperative decode-
and-forward (DF) underlay cognitive network was studied
in [6] over Nakagami-m fading channels. Da Costa et al. [9]
and Duong et al. [11] extended the previous work in [6] by
considering multi-primary receivers and multi-secondary desti-
nations. In [12], the outage performance of an underlay DF CR
network was investigated using the relay selection technique
and over Nakagami-m fading channels. In recent work [13],
the authors made a comprehensive performance study of a DF
cognitive network using the antenna SC technique and by con-
sidering proportional and fixed interference power constraint.
In the works mentioned above, the impacts of the primary
transmission power and CCI on the cognitive radio network
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were not considered. Deng et al. [14] investigated the outage
probability of the spectrum sharing network over Rayleigh
fading channels considering the impact of general selection
combining and outdated channel information.
Some recent studies have examined the impact of primary
transmission interference on the secondary network’s perfor-
mance [15], [16]. For instance, in [15], the asymptotic outage
performance of the cooperative AF CR network was studied
over Rayleigh fading channels. In [17], the transmit antenna
selection in conjunction with generalized selection combin-
ing technique at the receiver of the secondary network was
proposed to examine the outage probability and the symbol
error rate of an underlay cognitive radio network and over the
Rayleigh fading channels. Finally, Hussein et al. [18], [19]
have investigated the impact of CCI on an underlay CR
network considering Rayleigh fading channels. In addition,
detailed performance analyses were investigated in [18].
B. Contribution of This Paper
An elaborate background understanding in the area of the
performance study of an underlay CR network (UCRN) has
been garnered from the works mentioned above. However,
most of them have neglected the interference from the primary
transmitter and/or considered only Rayleigh fading channels.
In fact, the impact of CCI has to be considered in practi-
cal cognitive relaying techniques. This is due to the fact that
CCI signals always exist, for example, due to the frequency
reuse. Furthermore, the next generation of wireless commu-
nication scales toward denser and smaller cells, which means
more interference is expected from the neighbouring cells. As
a result, it is necessary to investigate the impact of the CCI
on an underlay cognitive radio network. To the best of the
authors’ knowledge, the effects of such CCI on a UCRN over
Nakagami-m fading channels has not yet been studied. Similar
to other wireless communication networks, when more param-
eters are considered for investigation of the cognitive radio
network, it will add extra complexity during mathematical
analysis. In fact, co-channel interference consideration makes
the system analysis more difficult compared to previous works,
especially when Nakagami-m fading channels are considered.
In this paper, the performance of a UCRN scenario over
Nakagami-m fading channels is studied when the CCI sig-
nals and the primary network interferences are present.
Specifically, the exact equivalent per-hop and end-to-end SINR
of the secondary network over Nakagami-m fading channels
is addressed. Then, the exact cumulative distribution function
(CDF) of the system SINR is obtained. Based on these results,
the outage probability (OP), average error probability (AEP)
and ergodic capacity (EC) performances of the secondary
network are thoroughly investigated.
The remainder of this paper is structured as follows. In
Section II the system model is described and represented
mathematically. Section III is devoted to the derivation of the
statistical and performance metrics. In Section IV, numerical
results are presented to validate the derivations and analysis.
Section V summarizes the main findings of the research in
Fig. 1. The general network model used for analysis showing cooperative
underlay CR network in the existence of the primary transceiver and CCI.
this paper. Finally, the steps of the theoretical derivations are
given in Appendixes A–C.
II. SYSTEM MODEL
In the following sections, first, the network parameters and
channels are described. Then, mathematical representations of
the received signals are presented, and the formula for the
equivalent SINR of the network is obtained.
A. Network and Channels Description
The system model under consideration is shown in Fig. 1. S,
R, and D are the secondary source, relay and destination nodes,
respectively. The existence of an uplink primary transceiver is
considered in the network, where Tx is the transmitter user
node and Rx is the base station receiver node. Each node in
the system has a single antenna and is working in half-duplex
mode. Due to the presence of obstacles between the secondary
source and destination, it is assumed that there is no direct link
between them [20]. In addition, the relay node employs the DF
protocol. Moreover, it is assumed that all the channels between
the nodes are subject to independent and non-identically dis-
tributed Nakagami-m fading channels. The channels have a
scale parameter of σ 2Xij and a shape parameter of mXij , where
X represents the generic channel coefficient; i and j represent
the source and destination node for the channel X, respectively.
Furthermore, it is assumed that the CCI links are identi-
cal, in terms of their average interference-to-noise ratio (INR),
at the secondary user relay and destination nodes, respec-
tively [4], [18]. This is a valid assumption especially when
a deterministic number of interference sources are from other
neighbouring clusters. In this analysis, LR and LD represent
the number of co-channel interference sources at both relay
and destination node, respectively. For instance, the distance
from LR sources to the relay node is relatively large enough
that the interference signals can be assumed to have similar
average power gain [18].
In addition, hsr, and hrd represent the first and second hop
data channel fading coefficients of the secondary network,
respectively. Furthermore, fsp, and frp represent the interference
channel fading coefficients of the secondary source and relay
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to the primary receiver, respectively. Moreover, fpr, fpd repre-
sent the interference channel fading coefficients of the Tx to the
secondary relay and destination, respectively. Consequently,
firj (j = 1, 2, . . . , LR), and fidl (l = 1, 2, . . . , LD) represent the
CCI fading coefficients of the jth interference channel at the
secondary relay and lth interference channel at the secondary
destination, respectively. In fact, the CCI signals affect the pri-
mary receiver as well, and therefore, Imax should be defined
based on all interferences that the primary receiver can detect.
This will ensure the protection of the QoS of the primary
network. However, this research focuses on the performance
of the secondary network. It is obvious that the performance
of the primary network is similar to the extensively studied
performance in [21].
Moreover, the corresponding channel power gains for the
mentioned Nakagami-m channel coefficients are |hsr|2, |hrd|2,
|fsp|2, |frp|2, |fpr|2, |fpd|2, |firj |2, and |fidl |2 respectively, which
follow the gamma distribution with the scale parameters of
σ 2hsr , σ
2
hrd , σ
2
fsp , σ
2
frp , σ
2
fpr , σ
2
fpd , σ
2
fir and σ
2
fid , respectively, and
the corresponding channel fading severity parameters are mhsr,
mhrd, mfsp, mfrp, mpr, mpd, mir, and mid, respectively.
B. Mathematical Representation
The transmission in the secondary network is performed in
two phases. In the first phase, the source node transmits its
message signal to the relay node. The relay node receives the
transmitted message from S plus noise, which is represented as
additive white Gaussian noise (AWGN), plus the interference
from Tx, and the CCI from LR interference sources.
In the second phase, the relay node decodes the received
signal then encodes it and broadcasts the message to the des-
tination node. Similar to the first phase, the received signal at
the destination node will be a combination of the desired mes-
sage, noise and interferences from the primary transmitter and
the CCI signals. Thus, the received signal at both secondary
relay and secondary destination nodes can be represented as:
yr =
desired signal
︷ ︸︸ ︷
√
EShsrx +
CCI signal
︷ ︸︸ ︷
√
EIR
LR
∑
j=1
firj xrj +
primary interference signal
︷ ︸︸ ︷
√
EPRfprxpr
+
AWGN
︷︸︸︷
nr , (1)
and
yd =
desired signal
︷ ︸︸ ︷
√
ERhrdxˆ +
CCI signal
︷ ︸︸ ︷
√
EID
LD
∑
l=1
fidl xdl +
primary interference signal
︷ ︸︸ ︷
√
EPDfpdxpd
+
AWGN
︷︸︸︷
nd , (2)
where ES, and ER are the secondary source and relay per-
mitted transmission energy signals, respectively. EIR, and EID
are the CCI energies at the secondary relay and destination
nodes, respectively. EPR, and EPD are the interference energy
signals of the primary transmitter at the secondary relay and
destination nodes, respectively.
Furthermore, x represents the desired signal to be transmit-
ted from the secondary source and xˆ is the desired signal to
be transmitted from the secondary relay. xrj and xdl are the
jth and lth co-channel interferer’s signals that are affecting the
secondary relay and destination nodes, respectively, xpr, and
xpd are the primary interferer’s signals that are affecting the
secondary relay and destination nodes, respectively. All signals
are assumed to have unit energy. Finally, nr and nd represent
the AWGN terms at the secondary relay and destination nodes,
respectively.
In an underlay CR network, the secondary transmitters
should adjust their transmission power so that the QoS of
the primary network is maintained. Therefore, the trans-
mission powers at S and R are ES = min( I max|fsp|2 , Ps) and
ER = min( Imax|frp|2 , Pr), respectively, where Ps and Pr are max-
imum transmission power limits at S and R, respectively.
Moreover, Imax is the interference power constraint, which
is the maximum level of interference that the secondary net-
work can produce at the primary receiver node. Therefore, the
received equivalent SINR in the first time-slot at the relay is
represented as:
γ
eq
SR = signal powerCCI power+primary interference+noise power
= γSR
γIR+γPR+1 , (3)
where γSR = ESN0 |hsr|2 = min( Imax|fsp|2 , Ps)
|hsr|2
N0 , γIR =
LR∑
j=1
(EIRN0 |firj |2  IRj) and γPR = EPRN0 |fpr|2  IPR. In addi-
tion, γRD = min( Imax|frp|2 , Pr)
|hrd |2
N0 , γPD = EPDN0 |fpd|2  IPD, and
γID =
LD∑
l=1
(EIDN0 |fidl |2  IDl). Moreover, I¯R, I¯D, I¯PR, and I¯PD
represent the average INR values corresponding to IR, ID, IPR,
and IPD, respectively.
III. STATISTICAL DERIVATIONS AND
PERFORMANCE EVALUATION
In the following sections, first the per-hop and total equiva-
lent CDF and probability density function (PDF) are derived.
Then, exact and asymptotic expressions for the outage perfor-
mance are derived. In addition, multi-hop outage performance
is examined. Finally, the system AEP is investigated.
A. The CDF of γ toteq
For a dual-hop DF cognitive secondary network, the end-to-
end equivalent SINR known as γ toteq can be represented as [21]:
γ toteq = min
(
γ
eq
SR, γ
eq
RD
)
, (4)
where γ eqSR , and γ
eq
RD are the equivalent SINR for the first and
second hop, respectively. Moreover, the total equivalent CDF
can be obtained by using the following formula [22]:
Fγ toteq (γ ) = 1 −
(
1 − Fγ eqSR (γ )
)(
1 − Fγ eqRD(γ )
)
, (5)
where Fγ eqSR (γ ) and Fγ eqRD(γ ) are the CDFs of the first and
second hop equivalent SINR, i.e., γ eqSR and γ
eq
RD, respectively.
The CDFs of γ eqSR and γ
eq
RD can be found as follows: from
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Fγ eqSR (γ ) = 1 − ϒ
{
e
− γ
β1
(
γ
β1
)i
(
1 − 
(
mfsp, β5
)
(mfsp)
)[
(
γ
β1
+ β3
)l−j−mpr

(j + mpr − l
)
−
mirLR+l−1
∑
k=0
(
γ
β1
+ β2
)l−j−k−mpr (β4)k
k!

(j + k + mpr − l
)
]
+
(
β6
γ
)mfsp

(
mfsp
)
[

(j + mpr − l
)
I1a −
mirLR+l−1
∑
k=0
(β4)
k
k!

(j + k + mpr − l
)
I1b
]}
(11)
the equivalent SINR formula in (3), the CDF of γ eqSR can be
written as:
Fγ eqSR (γ ) = Pr
(
γ
eq
SR ≤ γ
)
= Pr
(
min
(
Imax
Y
, Ps
)
X
(I + P + 1) ≤ γ
)
, (6)
where X, Y , I, P represent the random variables (RVs)
|hsr|2
N0 , |frp|2, EIRN0
LR∑
j=1
|firj |2, and EPRN0 |fpr|2, respectively, with Pr(·)
denoting probability operator. The PDFs of X, Y , I, P are
represented as the following:
fX(x) =
(
mhsr
σ 2hsr
)mhsr
xmhsr−1
(mhsr)
exp
(
−mhsr
σ 2hsr
x
)
, (7)
fY(y) =
(
mfsp
σ 2fsp
)mfsp ymfsp−1

(
mfsp
) exp
(
−mfsp
σ 2fsp
y
)
, (8)
fI(γIR) =
(
mir
I¯R
)mirLR γ mirLR−1IR
(mirLR)
exp
(
−mir
I¯R
γIR
)
, (9)
fP(γPR) =
(
mpr
I¯PR
)mpr γ
mpr−1
PR

(
mpr
) exp
(
−mpr
I¯PR
γPR
)
, (10)
where mhsr, mfsp, mir, and mpr are the Nakagami-m channel
fading severity parameters for the channels between the nodes
of the SU source to the SU relay, the SU source to Rx, CCI
signals to the SU relay, and Tx to the SU relay, respectively.
Corollary 1: The equivalent CDF of the source to relay
SINR can be expressed as in (11), at the top of this page, where
ϒ is defined in (12). In addition, (·, ·) is the upper incomplete
gamma function defined in [23, eq. (8.350.2)]. Furthermore,
for the purpose of representing the equations in a simpler form,
the following entities have been defined as follows:
β1 =
Psσ 2hsr
mhsr
, β2 = mirI¯R , β3 =
mpr
I¯PR
, β4 = I¯PRmir − I¯RmprI¯PR I¯R
,
β5 = mfspI maxPsσ 2fsp
, β6 =
mfspσ 2hsr Imax
mhsrσ 2fsp
, β7 =
mprmfspσ 2hsr Imax
mhsrσ 2fsp I¯PR
,
and β8 = mirmfspσ
2
hsr Imax
mhsrσ 2fsp I¯R
.
ϒ =
mhsr−1
∑
i=0
i
∑
j=0
mpr−1
∑
l=0
(
mpr − 1
l
)(
i
j
)
(−1)l
i!
(
mir
I¯R
)mirLR
×
(
mpr
I¯PR
)mpr (mirLR + l)
(mirLR)
(
mpr
)
(
I¯PR I¯R
I¯PRmir − I¯Rmpr
)mirLR+l
.
(12)
Proof: See Appendix A.
To obtain the second hop CDF, similar derivation steps can
be repeated by replacing the following parameters (Ps, mhsr,
mfsp, mir, mpr, σ 2hsr , σ
2
fsp , I¯R, I¯PR, γ
eq
SR , γSR, γIR, γPR) with
the following parameters (Pr, mhrd, mfrp, mid, mpd, σ 2hrd , σ 2frp ,
I¯D, I¯PD, γ
eq
RD, γRD, γID, γPD), respectively. Finally, the dual-
hop cognitive network equivalent CDF can be obtained by
substituting the derived per-hop CDFs into (5).
B. The PDF of γ toteq
Another efficient performance indicator of the RVs is the
PDF of the total equivalent SINR of the system. By knowing
this, the behaviour of the RV over the specified range can
be investigated. The PDF can be obtained by taking the first
derivative of the CDF; therefore, the total equivalent PDF of
the secondary network can be obtained using the following
formula:
fγ toteq (x) = fγ eqSR (x)
(
1 − Fγ eqRD(x)
)
+ fγ eqRD(x)
(
1 − Fγ eqSR (x)
)
,
(13)
where fγ eqSR (x) and fγ eqRD(x) are the PDFs of γ
eq
SR and γ
eq
RD, respec-
tively. In the previous sections the CDFs for both hops were
already derived. The PDFs of γ eqSR and γ
eq
RD are found as
follows:
• Determining fγ eqSR (x): In this section, the exact equivalent
PDF of the first hop SINR is derived. fγ eqSR (x) can be
obtained by taking the first derivative of the equivalent
CDF, i.e., Fγ eqSR (γ ):
fγ eqSR (x) =
d
dγ
Fγ eqSR (γ ). (14)
Bearing in mind that the derivative of upper incomplete
gamma function can be implemented using the chain rule
as follows:
d
dx
(s, g(x)) = −(g(x))s−1e−g(x) d
dx
g(x). (15)
After performing the derivative of each term and some
mathematical arrangements, the first hop equivalent PDF
can be obtained and written as in (16). ϒ2, ϒ3, ϒ4, and ϒ5
are represented by formulas in (17a)-(17d), respectively.
Furthermore, ψ2, ψ3, ψ4, and ψ5 represent the terms that
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are involved with derivatives, and are represented by the
formulas (18)–(21), respectively.
fγ eqSR (x) = ϒ
{
(β1)
mpr+j−l−i
(
1 − 
(
mfsp, β5
)
(mfsp)
)
× [ϒ3ψ3 − ϒ2ψ2]
− (β6)
mfsp

(
mfsp
) [ϒ4ψ4 − ϒ5ψ5]
}
. (16)
ϒ2 = 
(j + mpr − l
)
, (17a)
ϒ3 =
mirLR+l−1
∑
k=0
(β1β4)
k
k!

(j + k + mpr − l
)
, (17b)
ϒ4 = 
(j + mpr − l
)
mfsp+i−1
∑
r1=0
(
mfsp + i − 1
r1
)
× (−β3)mfsp+i−1−r1 eβ3 , (17c)
ϒ5 =
mirLR+l−1
∑
k=0
mfsp+i−1
∑
r2=0
(
mfsp + i − 1
r2
)
(β4)
k
k!
× (j + k + mpr − l
)
(−β2)mfsp+i−1−r2 eβ2 ,
(17d)
ψ2 = e−
x
β1 xi(β1β3 + x)l−j−mpr
×
((
l − j − mpr
)
(β1β3 + x) −
1
β1
+ i
x
)
, (18)
ψ3 = e−
x
β1 xi(β1β2 + x)l−j−k−mpr
×
((
l − j − k − mpr
)
(β1β2 + x) −
1
β1
+ i
x
)
, (19)
ψ4 = − (x)
r1+l−j−mpr−mfsp
(β6 + x)r1+l−j−mpr+1
{
e
− x
β1
−β3−β5
(
x
β1
+ β7
x
+ β3 + β5
)r1+l−j−mpr
(
x
β1
− β7
x
)
+ 
(
r1 + l − j − mpr + 1, β3 + β5 + x
β1
+ β7
x
)
e
β7
x
[
mfsp + β7
x
− (r1 + l − j − mpr + 1
)
(
β6
β6 + x
)]
}
,
(20)
ψ5 = − (x)
r2+l−j−k−mpr−mfsp
(β6 + x)r2+l−j−k−mpr+1
{
e
− x
β1
−β2−β5
(
x
β1
+ β8
x
+ β2 + β5
)r2+l−j−k−mpr
(
x
β1
− β8
x
)
+ (r2 + l − j − k − mpr + 1, β2 + β5
+ x
β1
+ β8
x
)
e
β8
x
[
mfsp + β8
x
− (r2 + l − j − k − mpr + 1
)
(
β6
β6 + x
)]
}
. (21)
• Determining fγ eqRD(x): Similar steps can be repeated to
obtain the PDF of the second hop. Finally, the total equiv-
alent PDF is obtained by substituting the derived per-hop
PDFs and CDFs into (13).
C. Exact Outage Performance
From the derived total equivalent CDF of the secondary
network’s SINR, the exact OP of a cognitive network can be
investigated by replacing the variable γ with γth (i.e., SNR
threshold).
Pout(γth) = Pr
(
γ toteq ≤ γth
)
= Fγ toteq (γth). (22)
The value of γth for the dual-hop network has the following
representation: γth = 22R − 1, where R is the target data rate
and 2 comes from the fact that the transmission is performed
within two time-slots.
D. Asymptotic Outage Performance
In this section, two scenarios for the asymptotic CDF are
presented, from which the asymptotic outage performance can
be investigated.
• No interference power constraint, i.e., Imax → ∞: By
substituting this condition in (6), the resulting CDF for-
mula will reduce to the CDF of RV G that has been
derived and represented in (48), in Appendix A, with the
condition of replacing the RV γ by γPs , i.e., FG(
γ
Ps ). Then,
the approximate first hop CDF in this case will be:
Fγ eqSR (γ ) ≈ 1 − ϒ
(
γ
β1
)i
e
− γ
β1
[
(
γ
β1
+ β3
)l−j−mpr

(j + mpr − l
) −
mirLR+l−1
∑
k=0
(β4)
k
k!
(
γ
β1
+ β2
)l−j−k−mpr

(j + k + mpr − l
)
]
.
(23)
This scenario can be considered when the primary net-
work is not active. In fact, this can also be considered as
a special case of interweave cognitive radio [2], in which
the secondary user can use a specific frequency spectrum
when this particular spectrum is vacant. In this scenario,
the secondary transmission power is the dominant power;
however, due to the existence of interference on the sec-
ondary network, it is still possible for the performance
saturation to occur. Finally, by performing similar steps,
the second hop asymptotic CDF can be obtained; then, the
asymptotic outage performance can be studied using (5)
and (22).
• No power constraint on the secondary transmitter,
i.e., Ps → ∞: In this scenario, the first hop conditional
equivalent CDF can be represented as:
Fγ eqSR (γ )
∣
∣
∣
∣
y = Pr
(
G ≤ γ y
Imax
)
. (24)
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Therefore, the unconditional CDF can be obtained by
taking the expectation of FG( γ yImax ) over the PDF of RV Y .
Fγ eqSR (γ ) =
∞
∫
0
FG(
γ y
Imax
)fY(y)dy. (25)
The steps for solving the above integral are quite sim-
ilar to the steps for solving I1 in (49), in Appendix A.
Therefore, for the sake of saving space they have been
omitted. Finally, the asymptotic first hop CDF for this
scenario can be written as in (26), where Iapp1b and I
app
1b
are obtained by using the formulas in (27) and (28),
respectively.
Fγ eqSR (γ ) ≈ 1 − ϒ
(
β6
γ
)mfsp 1

(
mfsp
)
⎡
⎣
(j + mpr − l
)
Iapp1a −
a3−1
∑
k=0
(β4)
k
k!

(j + k + mpr − l
)
Iapp1b
⎤
⎦,
(26)
Iapp1a =
mfsp+i−1
∑
r1=0
(
mfsp + i − 1
r1
)
(−1)mfsp+i−1−r1
(β3)
r1+1−mfsp−i
(
γ
γ + β6
)r1−j−mpr+1+l
e
β3
(
1+ β6
γ
)

(
l + r1 − j − mpr + 1, β3
(
1 + β6
γ
))
, (27)
Iapp1b =
mfsp+i−1
∑
r2=0
(
mfsp + i − 1
r2
)
(−1)mfsp+i−1−r2
(β2)
r2+1−mfsp−i
(
γ
γ + β6
)r2−j−k−mpr+1+l
e
β2
(
1+ β6
γ
)

(
l + r2 − j − k − mpr + 1, β2
(
1 + β6
γ
))
.
(28)
In this scenario, Imax is the dominant power limit for
the secondary transmitter nodes. Furthermore, in terms of
performance criteria, it can be considered to be the max-
imum performance limit that the secondary network can
achieve. More explanation about the asymptotic results
can be found in Fig. 3 in the numerical results section.
E. Multi-Hop Exact Outage Performance
In the case of the multi-hop DF cooperative communica-
tion, the end-to-end equivalent SINR γ e2eeq is calculated based
on the weakest per-hop SINR. Mathematically, this can be
represented as:
γ e2eeq = mini=1,...,N
(
γ ieq
)
, (29)
where γ ieq is the ith hop equivalent SINR, and N is the num-
ber of hops in the multi-hop cognitive cooperative network.
Therefore, the exact end-to-end multi-hop outage performance
can be obtained by [24]:
Pe2eout (γth) = 1 −
N
∏
i=1
(
1 − Fγ ieq(γth)
)
, (30)
where Fγ ieq(γth) is the i
th hop equivalent CDF. From the previ-
ous derivations, it can be noted that the exact multi-hop outage
performance can be easily obtained by substituting the per-hop
CDF derived in (11) into (30).
F. Average Error Probability
The AEP over slow flat fading channels can be found
using different approaches, such as the PDF or CDF of the
equivalent SINR of the system. Furthermore, by observing
the derived per-hop CDF and PDF in the previous sections,
it can be deduced that using CDF is mathematically more
convenient. Therefore, the per-hop AEP can be obtained by
using [19]:
P¯ib =
a
2
√
b
π
∞
∫
0
e−bγ√
γ
Fγ ieq(γ ) dγ, (31)
where P¯ib is the average symbol error probability for the i
th
hop. In addition, a and b are modulation constants depending
on the constellation used. Finally, the end-to-end AEP can be
evaluated by:
P¯e2eb =
N
∑
i=1
P¯ib
N
∏
j=i+1
(
1 − 2P¯jb
)
, (32)
For the case of a dual-hop DF network, the above formula
reduces to [25]:
P¯e2eb = P¯SRb + P¯RDb − 2
(
P¯SRb P¯
RD
b
)
, (33)
where P¯SRb and P¯
SR
b are the AEPs for the first and second hop,
respectively, which are obtained by using (31). Unfortunately,
it is very difficult if not impossible to get the exact expression
from the above equation. However, an approximate expression
can be obtained using the approximate derived CDF expression
in (23).
Corollary 2: The first hop approximate AEP can be repre-
sented as in (34).
P¯SRb ≈
a
2
− a
2
√
b
π
ϒ(β1)
mpr+j−l−i
[

(j + mpr − l
)
	1
−
mirLR+l−1
∑
k=0
(β1β4)
k
k!

(j + k + mpr − l
)
	2
]
, (34)
where 	1 and 	2 are calculated using formulas represented
in (35) and (36), respectively.
	1 = (β1β3)l−j−mpr+i+ 12 
(
i + 1
2
)
U
(
i + 1
2
, l − j − mpr + i + 32 , β1β3
(
b + 1
β1
))
, (35)
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CSRerg ≈ ϒ(β1)mpr+j−l−i
i
∑
n1=0
(
i
n1
)
(−1)i−n1
⎡
⎣
(j + mpr − l
)
⎧
⎨
⎩
mpr+j−l
∑
n2=1
λ1n2 (β1β3)
i+1−n2 eβ3 En2−n1(β3) + λ2e
1
β1 E1−n1
(
1
β1
)
⎫
⎬
⎭
−
mirLR+l−1
∑
k=0
(β1β4)
k
k!

(j + k + mpr − l
)
⎧
⎨
⎩
λ4e
1
β1 E1−n1
(
1
β1
)
+
mpr+j+k−l
∑
n3=1
λ3n3 (β1β2)
i+1−n3eβ2 En3−n1(β2)
⎫
⎬
⎭
⎤
⎦ (39)
	2 = (β1β2)l−j−k−mpr+i+ 12 
(
i + 1
2
)
× U
(
i + 1
2
, l − j − k − mpr + i + 32 , β1β2
(
b + 1
β1
))
.
(36)
Proof: See Appendix B.
G. Ergodic Capacity
The ergodic capacity (EC) is an alternative significant per-
formance measure for any communication system; its unit is
measured in (bits/second/Hz) [18]. It gives an indication of the
possible data rate that the considered network can attain under
some predefined conditions. In fact, this is important specifi-
cally for a cognitive radio network to assess its involvement
in providing the amount of data throughput to the intended
SU. According to Shannon’s theorem for the network capac-
ity measurement, the EC can be defined mathematically as
the expected value of the instantaneous mutual information
between the source and destination. This can be expressed
as Cerg  E [B log2(1 + γeq)], where E[·] is the expectation
operator, B is the operating bandwidth and γeq is the total
equivalent SNR. Moreover, the EC can be obtained using the
CDF formula of the total equivalent SINR [18]:
Cierg =
∞
∫
0
1
1 + γ
(
1 − Fγ ieq(γ )
)
dγ, (37)
where Fγ ieq(γ ) represents the CDF of the i
th hop of the
secondary network. Moreover, the EC for a multi-hop decode-
and-forward relay protocol can be obtained as:
Ce2eerg =
1
N
min
i=1,...,N
(
Cierg
)
, (38)
where Cierg represents the ith hop EC of the CR network. In
addition, 1N comes from the fact that the transmission in an N
hop network is performed within N time slots, which means
the overall bandwidth should be divided by the number of
hops in the network.
In the following sections, the per-hop EC will be derived.
Then, the end-to-end EC, for a multi-hop UCRN scenario,
can be obtained by substituting the derived per-hop results
into (38).
Corollary 3: The first hop asymptotic EC can be obtained
and written as in (39), at the top of this page, where
λ1n2 , λ2, λ3n3 and λ4 are obtained by formulas represented
in (40a), (40b), (40c) and (40d), respectively.
λ1n2 =
1
(mpr + j − l − n2)!
∂mpr+j−l−n2
∂γ mpr+j−l−n2
× (1 + γ )−1∣∣γ=−β1β3 , (40a)
λ2 = (β1β3 − 1)−(mpr+j−l), (40b)
λ3n3 =
1
(
mpr + j + k − l − n3
)
!
∂mpr+j+k−l−n3
∂γ mpr+j+k−l−n3
× (1 + γ )−1∣∣γ=−β1β2 , (40c)
λ4 = (β1β2 − 1)−(mpr+j+k−l). (40d)
Proof: See Appendix C.
IV. NUMERICAL RESULTS AND DISCUSSION
This section presents numerical and Monte Carlo simulation
results for the purpose of validation of the derived analyti-
cal results and to highlight the characteristics of the system
performance under the consideration of interference from the
primary transmitter and the CCI.
Fig. 2 shows the impact of the desired channel fad-
ing parameter values and the value of interference power
constraint on the outage performance. For this figure, the fol-
lowing network parameter values are used: the CCI powers
are I¯R = 2 dB, I¯D = 3 dB, the primary interference pow-
ers are I¯PR = 3 dB, I¯PD = 4 dB, and LR = 2, LD = 4,
Ps = Pr = 15 dB, the considered power for the pri-
mary transmitter is at the secondary receiver node, bearing
in mind that the power of the secondary transmitter attenu-
ates with the distance and it is decreased when it reaches the
secondary receiver node. In addition, the interference chan-
nel fading severity parameters have the following values;
mfsp = mfrp = mpr = mpd = mir = mid = 2. Furthermore, in
all figures, the following channel variance values are assumed:
σ 2hsr = 0.9, σ 2hrd = 0.6, σ 2fsp = 0.4, σ 2frp = 0.3.
As expected, a higher value of the fading channel severity
parameter, i.e., the shape parameter, and consideration of the
desired channel will result in better performance. This shows
that having more channel paths provides more diversity; as
a result, the diversity gain of the network increases leading
to an enhancement of the system performance. It can also
be observed that for the case of the Rayleigh fading channel
(i.e., mhsr = mhrd = 1), the system has the worst performance
when compared to other less severe fading parameter values.
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Fig. 2. Outage probability as a function of SNR threshold for different
values of the channel fading severity parameter and the interference power
constraint.
Fig. 3. Outage probability vs. transmission power constraint for a different
number of CCI sources.
Furthermore, as the value of the interference power constraint
increases the performance improves accordingly. The simula-
tion and analytical results match, which validates the derived
formulas.
Fig. 3 shows the outage performance versus transmission
power for the different number of CCI sources. For this
illustration, the following network parameter values are used:
I¯R = 2 dB, I¯D = 3 dB, the primary interference powers are
I¯PR = 3 dB, I¯PD = 4 dB, Imax = 20 dB, and γ th = 2 dB.
In addition, the channel fading severity parameters are as fol-
lows: mhsr = 3, mhrd = 4, mfsp = 2, mfrp = 3, mpr = 3, mpd =
2, mir = 2, mid = 3. In this figure, the outage performance
is also plotted for the special cases where no CCI exists (as
in [26]) and no CCI and primary transmitter exist (as in [11]).
It can be observed how the number of CCI signals and the
Fig. 4. Outage probability vs. transmission power constraint for a linear
increase of the CCI power and primary transmission power.
existence of both CCI and primary transmitter interference
affect the secondary system performance. Furthermore, asymp-
totic results are presented to better illustrate the performance
boundaries of a UCRN. For instance, in the scenario where
Ps → ∞, i.e., no transmission power constraint on the sec-
ondary transmitter nodes, Imax is the dominant parameter to
limit the outage performance achievement. Moreover, where
Imax → ∞, the secondary user transmission nodes can take
full advantage of their transmission power limits.
In Fig. 4 the impact of the linear increase of interference
powers on the outage performance of the CR network is inves-
tigated. For this figure, the following network parameter values
are used: mhsr = 2, mhrd = 2, mfsp = 2, mfrp = 3, mpr =
3, mpd = 2, mir = 2, mid = 3, LR = 3, LD = 4, Imax = 25
dB, and γth = 2 dB. The results in Fig. 4 show how the ratio
of the interference powers with respect to the secondary net-
work’s power limit range can degrade the outage performance
behaviour. In addition, an outage degradation phenomenon,
instead of outage floor, can be noticed for the relatively higher
secondary transmission power. It is worth mentioning that
in the worst scenario of the interference on the secondary
network, the performance degrades as the secondary trans-
mission power increases, consequently, the diversity gain will
lose its advantage. For example, in the case where the con-
sidered CCI power increases linearly by the ratio of 1%, the
outage performance stops improving and starts degrading at
around 4.4×10−2, which means the secondary network perfor-
mance cannot further increase even if the transmission power
increased.
In Fig. 5, the outage performance of the three hops DF coop-
erative CR network is investigated using the formula in (30).
In addition, the effect of different values of the desired chan-
nel fading parameter and the primary interference power value
are shown on the outage performance. In this figure, the sub-
scripts 1, 2, 3 represent the parameters that belong to that
hop index (i.e., first, second, and third hop, respectively). For
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Fig. 5. Three hops OP as a function of transmission power constraint for
different values of channel fading severity parameter and primary network
interference power.
this figure, the following network parameter values are used:
mf1 = 2, mf2 = 1, mf3 = 2, mp1 = 1, mp2 = 2, mp3 = 2,
mi1 = 2, mi2 = 2, mi3 = 1, σ 2h3 = 0.8, σ 2fsp3 = 0.5. In addi-
tion, γth = 2 dB, Imax = 25 dB, I¯R1 = 2 dB, I¯R2 = 1 dB,
I¯R3 = 5 dB. Similar to the case in Fig. 2, when the fading
severity parameters have higher values, better performance will
be expected. On the other hand, a higher interference power
from the primary network results in relatively lower perfor-
mance; these can be clearly observed in the results. Moreover,
since a DF protocol has been employed at the relay nodes,
the outage performance depends on the weakest hop SINR in
the secondary network, this means that for a larger number
of hops in the network, better performance is not expected.
It is worth mentioning that the analytical results match the
simulation results which sustain the correctness of the derived
formulas.
Fig. 6 illustrates the average symbol error probability per-
formance for the dual-hop secondary network for different
modulation schemes. For this figure, the following network
parameter values are used: mhsr = 4, mhrd = 5, mfsp = 3,
mfrp = 3, mpr = 2, mpd = 2, mir = 3, mid = 3, LR = 2, LD =
3, Imax = 25 dB. I¯R = 2 dB, I¯D = 3 dB, I¯PR = 5 dB, and
I¯PD = 4 dB. Furthermore, formulas in (34), (35) and (36)
have been used to calculate and plot the approximate analyti-
cal AEP. From this it can be deduced that, in the scenario of
QPSK, the error performance saturates at 1.14 × 10−4, while
for 8-PSK, it saturates at around 5.0×10−3. The main reason
behind these saturation phenomena is the interference power
constraint that limits the transmission power at the secondary
transmitter nodes. Furthermore, it can be observed the derived
approximate error probability formula gives more accurate
results in the secondary transmitter’s power dominant region.
Fig. 7 shows the ergodic capacity performance of the three
hops DF UCRN. The analytical plots have been obtained using
formulas in (38) and (39). Furthermore, the impact of both CCI
power and the interference power constraint are considered. In
Fig. 6. Average error probability for the dual-hop CR network for different
modulation schemes.
Fig. 7. Three hops OP as a function of transmission power constraint for
different values of channel fading severity parameter and primary network
interference power.
this figure, the following network parameter values are used:
mh1 = 4, mh2 = 4, mh3 = 3, mf1 = 1, mf2 = 1, mf3 = 2,
mp1 = 2, mp2 = 1, mp3 = 2, mi1 = 2, mi2 = 3, mi3 = 1,
σ 2h3 = 0.9, σ 2fsp3 = 0.2. In addition, I¯P1 = 5 dB, I¯P2 = 6 dB,
I¯P3 = 6 dB. It can be observed that the derived asymptotic
expression for the capacity performance gives quite accu-
rate results, especially for the scenario where the interference
power constraint has a relatively higher value, i.e., 40dB.
Furthermore, when Imax = 25 dB, the capacity saturation is
expected. Moreover, the higher the value of the CCI power
results in lower achievable capacity. These results show how
both CCI power and the Imax can degrade the capacity perfor-
mance of the UCRN. It is worth mentioning that the achieved
capacity in a DF multi-hop network is calculated based on the
minimum hop’s capacity divided by the number of hops.
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Fig. 8. Dual-hop equivalent PDF characteristics for different channel fading
severity parameters and CCI powers.
Finally, Fig. 8 shows the PDF versus RV x for different
CCI powers and desired fading channel parameter values. This
figure is for the purpose of investigation of the characteris-
tics of the secondary network’s equivalent PDF and to better
understand its behaviour. For this figure, the following net-
work parameter values are used: mfsp = 2, mfrp = 3, mpr =
3, mpd = 2, mir = 2, mid = 3, Ps = Pr = 12 dB, Imax = 15
dB, I¯PR = I¯PD = 1 dB, LR = LD = 2. The figure has been
plotted by using (13). From this result, it can be observed that
the value of the channel fading parameter and the number of
CCI signals largely affect the characteristic of the PDF. For
example, a lower value of the desired fading channel parameter
mh deteriorates the PDF behaviour characteristic that results
in degrading the performance of the system.
In addition, for the Rayleigh fading channel scenario con-
sideration for the desired channels between the secondary
transmitter and receiver nodes, i.e., mh = 1, the PDF behaviour
has its worst scenario, since most of the area under the curve
tends to zero. Furthermore, for the purpose of comparison,
the function Q(√x) has also been plotted. In all plots, it can
be seen that the characteristics of the PDF around the ori-
gin are always important. For example, when the value of mh
increases, the PDF around zero also decreases, which means
better diversity for the network. Similarly, when the inter-
ference signal power is increased from 1 dB to 5 dB, the
behaviour of the PDF tends to be closer to the origin, the red
line plot in Fig. 8, which means degrading the characteristic
of the equivalent SINR which results in poorer performance
for the secondary network.
V. CONCLUSION
In this paper, outage probability, average error probabil-
ity and system ergodic capacity for an underlay cooperative
cognitive network over Nakagami-m fading channels were
extensively studied. In the analysis, the presence of inter-
ference from the primary transmitter and CCI sources were
considered. First, exact expressions for the CDF and PDF
of the equivalent SINR were derived. Then, the exact and
asymptotic OP for the dual-hop and multi-hop DF cognitive
network were investigated. Moreover, the asymptotic AEP was
examined.
Numerical examples with Monte Carlo simulations have
also been given to support the correctness of the theoreti-
cal derivations. Results show that the presence of the primary
network and CCI interferences apparently degrade the perfor-
mance of the secondary network. Specifically, in the case of
a linear increase of the interference power, this degradation is
more noticeable, such that the system performance is expected
to get worse when the transmission power increases.
The analysis in this paper is necessary to better understand
the performance behaviour of the underlay CR network when
both primary transmitter interference and the CCI are consid-
ered over Nakagami-m fading channels. Since Massive MIMO
is one of the promising techniques for the next generation
of wireless communication networks [27], [28], for the future
work, it has been planned to investigate the performance of an
underlay cognitive radio network over the Nakagami-m fading
channel and considering massive MIMO system.
APPENDIX A
PROOF OF COROLLARY 1
Using the formula in (6), the first hop CDF can be expanded
and written as:
Fγ eqSR (γ ) = Pr
(
G ≤ γ Y
Imax
, Y >
Imax
Ps
)
+ Pr
(
G ≤ γ
Ps
, Y ≤ Imax
Ps
)
,
= I1 + I2, (41)
where G = X
(I+P+1) . By observing the above CDF formula, it
is easy to find that the second part can be represented as:
I2 = FG
(
γ
Ps
)
FY
(
Imax
Ps
)
. (42)
In the sections below, the derivation steps of the first part, i.e.,
I1 is presented. The derivation is started by finding the PDF
of the sum of the two RVs (i.e., Z = I +P). This can be found
by using the following formula:
fZ(z) =
z
∫
0
fI(γIR)fP(z − γIR)dγIR. (43)
With the advantage of the Binomial theorem, (43) can be
rewritten as:
fZ(z) =
mpr−1
∑
l=0
(
mpr − 1
l
) (−1)l
(
mir
I¯R
)mirLR

(
mpr
)
(
mpr
I¯PR
)mpr
zmpr−1−le−
mpr
I¯PR
z
(mirLR)
z
∫
0
γ
mirLR+l−1
IR e
−γIR
(
mir
I¯R
− mprI¯PR
)
dγIR.
(44)
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The integral in (44) can be solved with the help of
[23, eq. (8.350.1)] and written as in (45):
fZ(z) =
mpr−1
∑
l=0
(
mpr − 1
l
)
(−1)l
(
mir
I¯R
)mirLR(mpr
I¯PR
)mpr
zmpr−1−le−
mpr
I¯PR
z
(mirLR)
(
mpr
)
(
I¯PR I¯R
I¯PR mir − I¯Rmpr
)mirLR+l
γ
(
mirLR + l,
(
I¯PRmir − I¯Rmpr
I¯PR I¯R
)
z
)
. (45)
In the next step, the CDF of G = XZ+1 is obtained, which is
the CDF of the division of two RVs. This can be obtained by
using the following formula:
FG(g) =
∞
∫
0
FX(g(z + 1)) fZ(z) dz. (46)
The CDF of RV X can be obtained directly from (7), and
written as follows:
FX(x) = 1 − Q
(
mhsr,
mhsr
σ 2hsr γ¯
x
)
, (47)
where Q(·, ·) is the regularized incomplete gamma function
[23, eq. (8.350.2)]. Assuming integer values for the fading
parameters and by using [23, eq. (8.352.7)], the upper incom-
plete gamma function in the CDF formula of the FX(x) can be
represented by a sum of a finite series. Then, substituting both
CDF and PDF of X and Z into (46), respectively, the integral
can be solved and written as:
FG(g) = 1 − ϒ e
−
(
mhsr
σ2hsr
g
)
(
mhsr
σ 2hsr
g
)i
×
⎡
⎣
(j + mpr − l
)
(
mhsr
σ 2hsr
g + mpr
I¯PR
)l−j−mpr
−
mirLR+l−1
∑
k=0
(
I¯PR mir−I¯Rmpr
I¯PR I¯R
)k
k!
×
(
mhsr
σ 2hsr
g + mir
I¯R
)l−j−k−mpr

(j + k + mpr − l
)
⎤
⎦,
(48)
where ϒ is represented by the formula in (12). Finally, I1 in
the first hop equivalent CDF can be obtained by taking the
expectation of the FG(g) with respect to fY(y). After substitut-
ing the entities and doing some mathematical arrangements,
I1 can be expressed as:
I1 = 1
(mfsp)

(
mfsp,
mfsp
σ 2fsp
Imax
Ps
)
− ϒ
(
mfsp
σ 2fsp
)mfsp
× 1

(
mfsp
)
(
mhsrγ
Imaxσ 2hsr
)i
⎡
⎢
⎢
⎣

(j + mpr − l
)
I1a −
mirLR+l−1
∑
k=0
(
I¯PR mir−I¯Rmpr
I¯PR I¯R
)k
k!

(j + k + mpr − l
)
I1b
⎤
⎥
⎥
⎦
, (49)
where I1a and I1b have the following expressions, respectively.
I1a =
∞
∫
Imax
Ps
e
−y
(
mhsrγ
Imaxσ2hsr
+ mfsp
σ2fsp
)
(
mhsrγ
Imaxσ 2hsr
y + mpr
I¯PR
)−j−mpr+l
ymfsp+i−1 dy, (50)
I1b =
∞
∫
Imax
Ps
e
−y
(
mhsrγ
Imaxσ2hsr
+ mfsp
σ2fsp
)
(
mhsrγ
Imaxσ 2hsr
y + mir
I¯R
)−j−k−mpr+l
ymfsp+i−1dy. (51)
For part I1a, the integral in its current form is quite difficult to
solve. Therefore, it is necessary to change its representation so
that it will be easy to compare it with the available standard
mathematical functions. First, the following notations are used
to make the integral formulas simpler; η1 = mprI¯PR , η2 =
mhsrγ
Imaxσ 2hsr
,
and η3 = η2 + mfsp
σ 2fsp
. Then, let t = η2y + η1, therefore, I1a can
be represented as:
I1a =
(
1
η2
)mfsp+i
e
η1
(
η3
η2
)
∞
∫
η2
Imax
Ps +η1
e
−t
(
η3
η2
)
(t)−j−mpr+l(t − η1)mfsp+i−1dt. (52)
Using binomial expansion, the above formula can be writ-
ten as:
I1a = 1
η
mfsp+i
2
mfsp+i−1
∑
r1=0
(
mfsp + i − 1
r1
)
(−η1)mfsp+i−1−r1
e
η1
(
η3
η2
)
∞
∫
η2
Imax
Ps +η1
e
−t
(
η3
η2
)
(t)−j−mpr+l+r1 dt. (53)
The next step is to change the variable of the above integral
so that x = t( η3
η2
). After this change of variable, the integral
can be written as:
I1a =
(
1
η2
)mfsp+i mfsp+i−1∑
r1=0
(
mfsp + i − 1
r1
)
e
η1
(
η3
η2
)
1
(−η1)r1+1−mfsp−i
(
η2
η3
)−j−(mpr−1−l)+r1
∞
∫
(
η2
Imax
Ps +η1
)(
η3
η2
)
e−x(x)l+r1−j−mpr dx. (54)
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Now, by comparing the above integral representation with
[23, eq. (8.350.2)], it is easy to represent I1a in terms of
the standard available function, which the upper incomplete
gamma function.
I1a =
(
1
η2
)mfsp+i mfsp+i−1∑
r1=0
(
mfsp + i − 1
r1
)
e
η1
(
η3
η2
)
1
(−η1)r1+1−mfsp−i
(
η2
η3
)r1−j−(mpr−1−l)

(
l + r1 − j − mpr + 1,
(
η2
Imax
Ps
+ η1
)(
η3
η2
))
.
(55)
Similar steps can be repeated to solve part I1b. Finally, both
I1a and I1b can be written in a more convenient and compact
form as in (56) and (57), respectively.
I1a =
mfsp+i−1
∑
r1=0
(
mfsp + i − 1
r1
)
e
β7
γ
+β3
(−β3)r1+1−mfsp−i
(
γ
γ + β6
)r1−j−mpr+1+l
× 
(
l + r1 − j − mpr + 1, γ
β1
+ β7
γ
+ β5 + β3
)
,
(56)
I1b =
mfsp+i−1
∑
r2=0
(
mfsp + i − 1
r2
)
e
β8
γ
+β2
(−β2)r2+1−mfsp−i
(
γ
γ + β6
)r2−j−k−mpr+1+l
× 
(
l + r2 − j − k − mpr + 1, γ
β1
+ β8
γ
+ β5 + β2
)
,
(57)
where β1 = Psσ
2
hsr
mhsr
, β2 = mirI¯R , β3 =
mpr
I¯PR
, β5 = mfspImaxPsσ 2fsp ,
β7 = mprmfspσ
2
hsr Imax
mhsrσ 2fsp I¯PR
, and β8 = mirmfspσ
2
hsr Imax
mhsrσ 2fsp I¯R
. Then, I1 can
be obtained by substituting (56) and (57) in (49). Finally,
the exact equivalent CDF of the first hop can be obtained
by adding both derived parts, i.e., I1 and I2, and it can be
represented as in (11).
APPENDIX B
PROOF OF COROLLARY 2
After substituting the approximate CDF formula derived
in (23) into (31), three integral terms appear. The first part
can be directly evaluated as:
P¯SR1b =
a
2
√
b
π
∞
∫
0
e−bγ√
γ
dγ = a
2
. (58)
The second and third integral parts are represented as follows:
P¯SR2b  	1 =
∞
∫
0
e−bγ√
γ
(γ )i e
− γ
β1 (γ + β1β3)l−j−mpr dγ,
(59)
P¯SR3b  	2 =
∞
∫
0
e−bγ√
γ
(γ )ie
− γ
β1 (γ + β1β2)l−j−k−mpr dγ.
(60)
It can be observed that the second and third part, i.e., P¯SR2b and
P¯SR3b , are identical in terms of the integral evaluation structure.
Therefore, only the second part integral, i.e., 	1, is derived
in the sections below. For part 	1, first, the variable of the
integral is exchanged so that t = γ
β1β3
. The resulting integral
has the following expression:
	1 = (β1β3)l−j−mpr+i+ 12
∞
∫
0
e
−tβ1β3
(
b+ 1
β1
)
(t)i−
1
2 (t + 1)l−j−mpr dt. (61)
Now, by comparing the above formula with [29, eq. (13.2.5)],
it is easy to come up with the formula in (35).
APPENDIX C
PROOF OF COROLLARY 3
After substituting the formula of the asymptotic first hop
equivalent CDF in (23) into (37), the following expression is
obtained:
CSRerg ≈ ϒ (β1)mpr+j−l−i
⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎣

(j + mpr − l
)
I1erg
︷ ︸︸ ︷
∞
∫
0
(γ )ie
− γ
β1
(1 + γ )(γ + β1β3)mpr+j−l
dγ
−
mirLR+l−1
∑
k=0
(β1β4)
k
k!

(j + k + mpr − l
)
∞
∫
0
(γ )ie
− γ
β1
(1 + γ ) (γ + β1β2)mpr+j+k−l
dγ
︸ ︷︷ ︸
I2erg
⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦
. (62)
In the following section, the solution of integral of I1erg, i.e.,
first part, is presented. The second integral has similar steps,
therefore, it has been omitted for saving space. Using partial
fraction decomposition, the formula of I1erg can be written in
simpler form as:
I1erg =
∞
∫
0
(γ )ie
− γ
β1
⎡
⎣
mpr+j−l
∑
n2=1
λ1n2
(γ + β1β3)n2 +
λ2
(1 + γ )
⎤
⎦dγ,
(63)
where λ1n2 and λ2 are obtained by formulas represented
in (40a), and (40b), respectively. Therefore, the expression for
I1erg can be represented within two integral terms, named as
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I1aerg and I1berg, as follows:
I1aerg =
mpr+j−l
∑
n2=1
λ1n2
∞
∫
0
(γ )i e
− γ
β1
(γ + β1β3)n2 dγ, (64)
I1berg = λ2
∞
∫
0
(γ )ie
− γ
β1
(1 + γ ) dγ. (65)
For part I1aerg, first the variable in the integral formula is
exchanged such that x = γ + β1β3. In addition, by exploiting
the Binomial expansion, the formula can be written as:
I1aerg =
mpr+j−l
∑
n2=1
i
∑
n1=0
(
i
n1
)
λ1n2 (−β1β3)i−n1 eβ3
∞
∫
β1β3
e
− x
β1
(x)n2−n1
dx.
(66)
Then, in order to obtain a closed-form expression for the
above integral formula, the variable is changed as y = x
β1
.
Finally, by comparing the resulting integral formula with
[30, eq. (8.19.2)], the desired expression can be obtained and
written as:
I1aerg =
mpr+j−l
∑
n2=1
i
∑
n1=0
(
i
n1
)
λ1n2 (−β1β3)i−n1
(β1)
n1+1−n2 eβ3(β3)1−n2+n1 En2−n1(β3), (67)
where Ep(z) is the exponential integral function defined by
Ep(z) = zp−1
∞
∫
z
e−t
tp dt, [30, eq. (8.19.2)].
Similarly, part I1berg can be expressed as:
I1berg =
i
∑
n1=0
(
i
n1
)
λ2(−1)i−n1e
1
β1 E1−n1
(
1
β1
)
. (68)
Similar steps can be repeated to solve the integral of part
I2erg. Therefore, the resulting expressions for this part can be
written as:
I2aerg =
mpr+j+k−l
∑
n3=1
i
∑
n1=0
(
i
n1
)
λ3n3 (−β1β2)i−n1
(β1)
n1+1−n3(β2)1−n3+n1 eβ2 En3−n1(β2), (69)
I2berg =
i
∑
n1=0
(
i
n1
)
λ4(−1)i−n1 e
1
β1 E1−n1
(
1
β1
)
, (70)
where λ1n3 and λ4 are obtained by formulas represented
in (40c), and (40d), respectively. Finally, the first hop closed-
form expression for the ergodic capacity formula can be
obtained by combining the derived parts of I1erg and I2erg
and putting them into (62), and after some mathematical
arrangements, it can be written as in (39).
REFERENCES
[1] J. A. Hussein, S. S. Ikki, S. Boussakta, and C. Tsimenidis, “Impact
of co-channel interference on an underlay cognitive radio network over
Nakagami-m fading channels,” in Proc. IEEE Int. Conf. Commun. (ICC),
Paris, France, May 2017, pp. 1–7.
[2] A. Goldsmith, S. A. Jafar, I. Maric, and S. Srinivasa, “Breaking spectrum
gridlock with cognitive radios: An information theoretic perspective,”
Proc. IEEE, vol. 97, no. 5, pp. 894–914, May 2009.
[3] S. Srinivasa and S. A. Jafar, “Cognitive radios for dynamic spec-
trum access—The throughput potential of cognitive radio: A theoretical
perspective,” IEEE Commun. Mag., vol. 45, no. 5, pp. 73–79, May 2007.
[4] S. S. Ikki, P. Ubaidulla, and S. Aissa, “Performance study and optimiza-
tion of cooperative diversity networks with co-channel interference,”
IEEE Trans. Wireless Commun., vol. 13, no. 1, pp. 14–23, Jan. 2014.
[5] J. Hussein, S. Ikki, S. Boussakta, and C. Tsimenidis, “Performance study
of the dual-hop underlay cognitive network in the presence of co-channel
interference,” in Proc. IEEE 81st Veh. Technol. Conf. (VTC Spring),
Glasgow, U.K., May 2015, pp. 1–5.
[6] C. Zhong, T. Ratnarajah, and K.-K. Wong, “Outage analysis of decode-
and-forward cognitive dual-hop systems with the interference constraint
in Nakagami-m fading channels,” IEEE Trans. Veh. Technol., vol. 60,
no. 6, pp. 2875–2879, Jul. 2011.
[7] J.-P. Linnartz. Wireless Communication. Accessed: Apr. 20, 2017.
[Online]. Available: http://www.wirelesscommunication.nl/reference/
contents.htm
[8] P. L. Yeoh, M. Elkashlan, T. Q. Duong, N. Yang, and D. B. da Costa,
“Transmit antenna selection for interference management in cogni-
tive relay networks,” IEEE Trans. Veh. Technol., vol. 63, no. 7,
pp. 3250–3262, Sep. 2014.
[9] D. B. da Costa, M. Elkashlan, P. L. Yeoh, N. Yang, and M. D. Yacoub,
“Dual-hop cooperative spectrum sharing systems with multi-primary
users and multi-secondary destinations over Nakagami-m fading,” in
Proc. IEEE 23rd Int. Symp. Personal Indoor Mobile Radio Commun.
(PIMRC), Sydney, NSW, Australia, Sep. 2012, pp. 1577–1581.
[10] J. Hussein, S. Ikki, S. Boussakta, and C. Tsimenidis, “Exact outage per-
formance of the SIMO cognitive cooperative network in the presence of
co-channel interference,” in Proc. IEEE Wireless Commun. Netw. Conf.
(WCNC), Doha, Qatar, Apr. 2016, pp. 1–6.
[11] T. Q. Duong, D. B. da Costa, M. Elkashlan, and V. N. Q. Bao, “Cognitive
amplify-and-forward relay networks over Nakagami-m fading,” IEEE
Trans. Veh. Technol., vol. 61, no. 5, pp. 2368–2374, Jun. 2012.
[12] X. Zhang, Y. Zhang, Z. Yan, J. Xing, and W. Wang, “Performance anal-
ysis of cognitive relay networks over Nakagami-m fading channels,”
IEEE J. Sel. Areas Commun., vol. 33, no. 5, pp. 865–877, May 2015.
[13] Y. Deng, L. Wang, M. Elkashlan, K. J. Kim, and T. Q. Duong,
“Generalized selection combining for cognitive relay networks over
Nakagami-m fading,” IEEE Trans. Signal Process., vol. 63, no. 8,
pp. 1993–2006, Apr. 2015.
[14] Y. Deng, M. Elkashlan, N. Yang, P. L. Yeoh, and R. K. Mallik, “Impact
of primary network on secondary network with generalized selection
combining,” IEEE Trans. Veh. Technol., vol. 64, no. 7, pp. 3280–3285,
Jul. 2015.
[15] T. Q. Duong, P. L. Yeoh, V. N. Q. Bao, M. Elkashlan, and
N. Yang, “Cognitive relay networks with multiple primary transceivers
under spectrum-sharing,” IEEE Signal Process. Lett., vol. 19, no. 11,
pp. 741–744, Nov. 2012.
[16] P. L. Yeoh, M. Elkashlan, K. J. Kim, T. Q. Duong, and
G. K. Karagiannidis, “Cognitive MIMO relaying with multiple pri-
mary transceivers,” in Proc. IEEE Glob. Commun. Conf. (GLOBECOM),
Atlanta, GA, USA, Dec. 2013, pp. 1956–1961.
[17] Y. Deng, M. Elkashlan, P. L. Yeoh, N. Yang, and R. K. Mallik,
“Cognitive MIMO relay networks with generalized selection combin-
ing,” IEEE Trans. Wireless Commun., vol. 13, no. 9, pp. 4911–4922,
Sep. 2014.
[18] J. A. Hussein, S. S. Ikki, S. Boussakta, and C. C. Tsimenidis,
“Performance analysis of opportunistic scheduling in dual-hop multiuser
underlay cognitive network in the presence of cochannel interference,”
IEEE Trans. Veh. Technol., vol. 65, no. 10, pp. 8163–8176, Oct. 2016.
[19] J. A. Hussein, S. S. Ikki, S. Boussakta, C. C. Tsimenidis, and
J. Chambers, “Performance analysis of a multi-hop UCRN with
co-channel interference,” IEEE Trans. Commun., vol. 64, no. 10,
pp. 4346–4364, Oct. 2016.
[20] Y. Huang et al., “Outage analysis of spectrum sharing relay systems
with multiple secondary destinations under primary user’s interference,”
IEEE Trans. Veh. Technol., vol. 63, no. 7, pp. 3456–3464, Sep. 2014.
[21] S. S. Ikki and S. Aissa, “Performance evaluation and optimization of
dual-hop communication over Nakagami-m fading channels in the pres-
ence of co-channel interferences,” IEEE Commun. Lett., vol. 16, no. 8,
pp. 1149–1152, Aug. 2012.
HUSSEIN et al.: PERFORMANCE STUDY OF UCRN OVER NAKAGAMI-m FADING CHANNELS IN PRESENCE OF CCI 765
[22] J. Hussein, S. Ikki, S. Boussakta, and C. Tsimenidis, “Performance
analysis of the opportunistic multi-relay network with co-channel inter-
ference,” in Proc. 22nd Eur. Signal Process. Conf. (EUSIPCO), Lisbon,
Portugal, Sep. 2014, pp. 166–170.
[23] I. S. Gradshteyn and I. M. Ryzhik, Tables of Integrals, Series, and
Products, 7th ed. Amsterdam, The Netherlands: Academic Press, 2007.
[24] M. O. Hasna and M.-S. Alouini, “Outage probability of multihop trans-
mission over Nakagami fading channels,” IEEE Commun. Lett., vol. 7,
no. 5, pp. 216–218, May 2003.
[25] M. O. Hasna and M.-S. Alouini, “End-to-end performance of transmis-
sion systems with relays over Rayleigh-fading channels,” IEEE Trans.
Wireless Commun., vol. 2, no. 6, pp. 1126–1131, Nov. 2003.
[26] Y. Huang, F. Al-Qahtani, C. Zhong, and Q. Wu, “Outage analy-
sis of spectrum sharing relay systems with multi-secondary destina-
tions in the presence of primary user’s interference,” in Proc. Int.
Conf. Wireless Commun. Signal Process. (WCSP), Hangzhou, China,
Oct. 2013, pp. 1–6.
[27] X. Ge, R. Zi, H. Wang, J. Zhang, and M. Jo, “Multi-user massive MIMO
communication systems based on irregular antenna arrays,” IEEE Trans.
Wireless Commun., vol. 15, no. 8, pp. 5287–5301, Aug. 2016.
[28] X. Ge, K. Huang, C.-X. Wang, X. Hong, and X. Yang, “Capacity
analysis of a multi-cell multi-antenna cooperative cellular network
with co-channel interference,” IEEE Trans. Wireless Commun., vol. 10,
no. 10, pp. 3298–3309, Oct. 2011.
[29] M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions:
With Formulas, Graphs, and Mathematical Tables. New York, NY, USA:
Dover, 1972.
[30] F. W. J. Olver, D. W. Lozier, R. F. Boisvert, and C. W. Clark, Eds., NIST
Handbook of Mathematical Functions. New York, NY, USA: Cambridge
Univ. Press, 2010.
Jamal Ahmed Hussein received the B.Sc. degree
(First Class Hons.) in electrical engineering from
the Electrical Department, College of Engineering,
University of Salahaddin, Erbil, Iraq, in 2001,
the M.Sc. degree in electrical engineering from
the Electrical Department, College of Engineering,
University of Sulaimani, Sulaimani, Iraq, in 2007,
and the Ph.D. degree in electrical and electronic
engineering from Newcastle University, Newcastle
Upon Tyne, U.K., in 2017.
He is currently a Senior Communication Engineer
with the Directorate of Transportation and Communications, Ministry
of Transportation and Communications, Kurdistan Regional Government,
Sulaimaniyah, Iraq. He works as a Researcher with the Information
Technology Department, College of Science and Technology, University of
Human Development, Sulaimaniyah. His research interests include wireless
communication, cooperative communication, cognitive radio, NOMA, 5G, and
energy harvesting. He also acts as a reviewer for several IEEE journals and
the IET Communications.
Said Boussakta (S’89–M’90–SM’04) received the
“Ingenieur d’Etat” degree in electronic engineering
from the National Polytechnic Institute of Algiers,
Algeria, in 1985 and the Ph.D. degree in electri-
cal engineering from Newcastle University, U.K., in
1990.
From 1990 to 1996, he was with Newcastle
University as a Senior Research Associate in dig-
ital signal processing. From 1996 to 2000, he was
with the University of Teesside, U.K., as a Senior
Lecturer in communication engineering. From 2000
to 2006, he was with the University of Leeds as a Reader in digital communi-
cations and signal processing. He is currently a Professor of communications
and signal processing with the School of Engineering, Newcastle University,
where he is lecturing in Communication Networks and Signal Processing sub-
jects. He has authored and co-authored over 200 publications. His research
interests are in the areas of fast DSP algorithms, digital communications,
communication network systems, cryptography, and digital signal/image pro-
cessing. He has served as the Chair for Signal Processing for Communications
Symposium in ICC06, ICC07, ICC08, ICC2010, and ICC2013. He is a fellow
of the IET and a Senior Member of the IEEE Communications and Signal
Processing Societies.
Salama S. Ikki received the B.S. degree from
Al-Isra University, Amman, Jordan, in 1996,
the M.Sc. degree from the Arab Academy for
Science and Technology and Maritime Transport,
Alexandria, Egypt, in 2002, and the Ph.D. degree
from the Memorial University of Newfoundland, St.
John’s, in 2009, all in electrical engineering. He was
a Research Assistant with the INRS, University of
Quebec, Montreal, from 2010 to 2012 and a Post-
Doctoral Fellow with the University of Waterloo,
Waterloo, ON, Canada, from 2009 to 2010. He
is currently an Associate Professor in wireless communications with the
Department of Electrical Engineering, Lakehead University.
He has been carrying out research in communications and signal processing
for over ten years. He is widely recognized as an Expert in the field of wireless
communications. He has authored or co-authored over 100 papers in peer-
reviewed IEEE international journals and conferences with over 3000 citations
and with an H-index of 30. He was a recipient of the Best Paper Award pub-
lished in the EURASIP Journal on Advances in Signal Processing, the IEEE
COMMUNICATION LETTERS and the IEEE WIRELESS COMMUNICATION
LETTERS Exemplary Reviewer Certificate in 2012, and the Top Reviewer
Certificate from the IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY
in 2015. His Ph.D. student received the second place for Best Poster from the
School of Electrical and Electronic Engineering, Newcastle University, U.K.,
Annual Research Conference, in 2014. He serves on the Editorial Board of the
IEEE COMMUNICATION LETTERS and the IET Communications Proceeding.
